is imaged in UHV to calibrate the STM. The microscope is mounted on an eight inch conflat flange, and operates in conjunction with a vertical off-axis sample manipulator, a front view LEED screen and a single-pass cylindrical mirror analyzer. Sample transfer from air to UHV is done through a turbo pumped airlock, and in vacuo replacement of up to six tips is possible.
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In the following sections, the microscope head, vibration isolation system, sample and tip transfer, sample manipulator, and electronics/software package will be discussed in detail. Operation will be discussed, and images obtained in UHV will be presented.
1 Instrument Design
Microscope Head
The STM head consists of piezoelectric tubes 12 and a quartz sample holder (Fig. 1 ) 
Vibration Isolation

Microscope Head
Our instrument uses three stages of vibration isolation. 19 Two stages are used for the in-vacuum instrument assembly ( 
Ultra-High Vacuum Chamber
The STM is mounted in a standard stainless steel Varian bell jar attached to a Multi-Vadon pumping well by a 12 inch Wheeler flange (Fig. 4) . The background pressure after a 16 hour bakeout at 100°C is typically 5.0x 10-10 torr.
The third isolation stage uses three air table legs 22 to raise the entire chamber from the floor. The three isolation stages f~nction well together, allowing imaging of lateral features one to two angstroms apart and corrugations less than 0.1 A. In this system, the lowest resonance detected in the tunneling current occurs at 3 Hz.
Tips and Tip Transfer
Much effort has been directed towards characterizing, preparing and understanding STM tips. [23] [24] [25] [26] [27] We have experimented with etched tungsten and mechanically cut Pt/40% Rh tips. The mechanically cut tips have worked as well as the etched tips, but are easier to prepare. In addition, the platinum/rhodium alloy is extremely resistant to oxidation. The geometry obtaine~ by mechanical cutting provides a sufficiently sharp tip structure. The 0.040 inch diameter tip wire is held by spring tension in an aluminum collar (see Fig. 2 ). The collar fits into the Vespel holder epoxied to the front,of the scanning tube.
Tips are tranferred by a "wobble-stick"28 from a Vespel carousel (see The Vespel parts serve to guide the wobble-stick to the tip holder. A clamping mechanism, using a linear motion feedthrough to push the microscope assembly into a positioner, secures the STM during tip transfer.
Sample Holder and Tip-Sample Approach
The sample holder consists of a 0.500 inch diameter tantalum rod to which four 0.125 inch diameter sapphire ball bearings 29 are mechanically attached (Fig. 5) . Stainless steel has been used previously, but tantalum is found to cool after sample heating roughly three times faster. Also, tantalum is twice as dense as stainless steel. This mass increase seems to improve sample approach/retract performance. Sapphire is used since it is hard, thus resisting damage from repeated sample holder motions. A hole is bored in the rod to accommodate the manipulator. The approach mechanism requires a low center-of-gravity sample holder, so the top is machined flat. The sample is mounted over the bored hole on one face of the holder by spot welded Ta A sample is brought into tunneling range via a stick-slip mechanism.
ll , 30 An approach waveform, as illustrated in Figure 6 , is applied to the inner electrode of the approach piezo. The outer sectors are held at ground. The digital waveform consists of two parts. A linear ramp extends or contracts the piezo, depending on polarity. A sharp step returns the piezo to its originallength. During the first part, the sample holder maintains static friction and retracts from or approaches towards the tip. The second part of the waveform breaks static friction, but the sample holder's inertia allows it to remain stationary while the piezo is in motion. Tunnel current is monitored before each digital increase of the ramp and after each sharp step. Variable parameters are overall ramp height, step size and delay before tunnel current detection. Current sensing cannot be continuous since the voltage change induces current spikes. After a delay that allows the spike to decay, the tunnel current is read and checked against a limit before waveform generation continues. The curvature in the waveform results from the response time of the high voltage power supply. The waveform is repeated until a pre-determined tunnel current is detected by the electronics. Once tunnel current is detected, control is turned over to the offset supply and feedback electronics. With this mechanism, a sample can be brought rapidly (2 mm/min) and reliably into tunneling range without mechanical linkages, and is easily transferrable to the sample manipulator for other surface studies.
Sample Manipulator
The sample manipulator is a modified Varian Model 981-2523 providing x-y-Z translation, 360 0 rotation, and sample tilt capability. A 90 0 arm assembly was designed to fit the rotary motion feedthrough, and is pictured in Figure 7 .
The nozzle protruding from the arm supports the sample holder through its 5 bored hole. For sample heating, an electron bombardment heating filament exists in the nozzle, and is controlled by an emission regulated power supply.
To to the sample clamp monitors sample holder temperature.
Since the tantalum sample holder is in contact with the stainless steel manipulator arm, cooling in vacuum occurs very slowly. Since the microscope is sensitive to thermal drift, large temperature gradients between sample and tip make imaging difficult at 10)'V scan rates. Quick cooling of the sample to , minimize surface contamination and to prevent large thermal drift is necessary. After heating, the sample holder is put in contact with a liquid nitrogen cooled copper block (see Fig. 7 ). The block is V-shaped, and the cylindrical sample holder makes line contact in the "V". Cooling from 2000 °C to ambient temperature is done in about twenty minutes.
Sample 'Transfer
Samples can be introduced into the vacuum chamber from air through a turbopumped 30 airlock (Figs. 4 and 8) . A fixture that accepts the sample holder is mounted to a 32 {lin surface finish stainless steel rod., A teflon thrust ring applies pressure to a Viton piston seaP1 contacting the rod. The rod can then be extended and retracted through a gate valve without significant vacuum loss. The rod is extended into the chamber, then the sample manipulator accepts the sample holder from the fixture. If the vacuum chamber is at a base pressure of 10-10 torr, the pressure will rise to 10-8 torr during
sample transfer. Base pressure is 'easily recovered upon closing the gate valve, and the process takes approximately fifteen minutes, including evacuation of the airlock.
Electronics and Software
The STM electronics have been designed and built in collaboration with the Electronics Engineering Division of the Lawrence Berkeley Laboratory. To minimize input capacitance, bias is applied to the sample holder, and the tip is connected to an external current-voltage preamp32 held at virtual ground.
The pre-amp circuit bandwidth is 50 kHz and provides a first stage gain of The feedback loop may also be interrupted during a scan for simultaneous topographic and I-Z or I-V imaging.
Experim'ental Results
To illustrate the performance of our instrument, we show in Figure 9a a topographic image of the sulfur ("3V3x3V3")R30° structure on the Re (0001) surface prepared in this UHV system. . .
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